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CIRCULAR CAVITY LASER 

BACKGROUND OF THE INVENTION 

5 

Field of the Invention: 

The present invention relates generally to the field of mode discrimination means in laser 
cavities, and in particular, mode discrimination in macroscopic cavities wherein a vast 
1 0 number of modes may otherwise be sustained. 

Description of the Related Art: 

The present invention relates generally to the field of lasers and optical resonator design, 
15 and in particular, to the fields of disk and spherical lasers. Also, the invention relates to 
cavity structure designs that utilize multi-layer dielectric (MLD) thin film reflectors that 
provide a high degree of mode selection. 

Laser cavities of the disk and spherical geometries have become an increasingly intensive 
20 field of research; in particular, for such lasers that are fabricated on a miniature or 
microscopic scale. In the latter case, the predominant means of cavity reflection is 
through total internal reflection (TIR), which provides an extremely high cavity Q. Such 
reflective means normally manifest in "whispering modes," which propagate at angles 
below the critical angle for TIR. These microdisk and microsphere lasers are very 
25 effective in cases involving evanescent coupling to an adjacent dielectric structure; 

however, they are known to contain a very large number of competing high-order modes. 
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In addition, the coupling of these whispering modes for useful work is difficult for 
applications not utilizing evanescent coupling. 

In recent years, theoretical studies have been performed on the development of derivation 
5 methods for cylindrical and spherical multilayer structures, which are aimed at providing 
an accurate description of the reflection coefficients and modal characteristics of these 
cavities. These studies address circular confinement structures with cavity dimensions on 
the order of the wavelengths studied. However, none of these studies are found to 
address the issues of applying similar circular Bragg reflectors for larger cavities of the 
10 scale used for gas and larger solid state cavities. Furthermore, these previous studies also 
entertain only the use of conventional MLD filters, with a large real refractive index 
difference, nH-n L = An >1 , for the layer pairs, and with an accordingly small number of 
layers required for high reflection. 

1 5 The use of interference structures to enable high spectral resolving power in reflecting 
coatings has been described by Emmett (US Pat. No. 4,925,259), wherein a very large 
number of alternating dielectric layers possessing a very small difference in refractive 
indices is used for application in high power flashlamps. The described coatings are 
utilized primarily for providing a high damage threshold to the high irradiance 

20 experienced in the flashlamp enclosure, as well as for obtaining a well-resolved pump 
wavelength for use in the described flashlamp. 
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The control of transverse modes in semiconductor lasers, primarily VCSEL's, has been 
reported by several research groups in the last decade. These latter reports utilize a 
circular Bragg grating structure as a complement to the planar Bragg mirrors of a 
conventional, high Q semiconductor cavity. Such circular Bragg gratings do not form the 
5 initial resonant cavity, but rather, aid in controlling relatively low Q, transverse modes of 
an existing Fabry-Perot structure. In such cases, the resultant control of transverse 
propagation may allow lowered thresholds, or enhanced stability. 

Earlier, large-scale, laser designs of a circular geometry operated on very different 
10 principles than the microlasers, utilizing primarily gas laser mediums and metallic 

reflectors. In these earlier designs, optical power could be coupled for useful work at the 
center of the cavity, such as for isotope separation, or by using a conical reflector. Since, 
in these latter cases, laser modes that concentrated energy at the cavity's center were 
needed, some means for blocking the whispering-type modes was generally required. 
15 Such mode suppression was usually accomplished through radial stops; however, these 
stops only provided the most rudimentary mode control, in addition to hampering the 
efficient operation of the laser. Because of such issues, disk and spherical lasers have not 
supplanted standard linear lasers for any applications requiring substantial optical power 
or a high degree of mode selection. 
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SUMMARY OF THE INVENTION 

A novel laser apparatus has been developed for use in such applications as lasers and 
light amplifiers in general. The laser developed comprises a cavity mirror structure that 
5 provides a single surface of revolution. The cavity volume is defined by this surface of 
revolution, and contains the gain medium. Unlike prior art disk and/or spherical lasers 
possessing circular cavities, the present invention does not rely on total internal reflection 
(TIR) or metallic reflectors to provide a high cavity Q-factor (and a broad range of high- 
order modes). The laser design of the present invention avoids use of these cavity 

10 confinement methods. In the optical resonator of the present invention, interference- 
based multilayer dielectric (MLD) reflectors are constructed that can possess unusually 
narrow reflection peaks, corresponding to a degree of finesse (finesse designating 
interference-based resolving power) usually associated with MLD transmission filters of 
the Fabry-Perot type. The high-finesse MLD reflectors of the present invention conform 

15 to the surface of revolution of the cavity mirror structure, allowing a high degree of 

angle-dependence for selective containment of cavity modes. These filters are disposed in 
such a way as to allow preferred Jow order modes (lower order modes being represented 
in the present disclosure as those corresponding to near normal incidence radiation) and 
suppression of parasitic modes while allowing a high cavity Q factor for the modes 

20 selected. 
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For a multi-layer dielectric (MLD) coating consisting of alternating layers, where all 
layers have an optical thickness equal to a quarter- wave of light at the wavelength of 
interest, the reflectance may be described according to: 



-.2 



l-(n H /n L ) 2p (n H 2 /n L ) 
l+(n H /n L ) 2p (n H 2 /n L ) 



R = 



(1) 



wherein the index of refraction for the substrate is n s , the two layer indices are nH (high 
index) and nL (low index), and the number of pairs of alternating layers is p. As is 
evidenced by equation (1), a higher reflectance may be achieved through the 
implementation of a greater difference in refractive index An = I n2-nj . High reflectance 
is thus normally achieved by maintaining An at a relatively high value. However, as 
equation (1) suggests, high reflectance may also be achieved by depositing many layer 
pairs possessing a relatively low difference in their refractive indices. As the index 
difference decreases, many more pairs of alternating layers must be deposited to maintain 
reasonable reflectance. At the same time, this latter approach will result in a decrease in 
the bandwidth of light reflected by the resultant coating. The present invention utilizes 
MLD coatings which obtain high reflectance from an unusually low An; this is 
accomplished by maintaining a high degree of control over the properties of each layer 
through an unusually high number of iterations, p, of the layer pair. With well-controlled 
film characteristics, the reflectance of the resulting MLD coating is found to have a quite 
narrow bandwidth, typically in the order of nanometers. 
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A characteristic of the MLD coatings utilized in the present invention is the angle- 
dependence of the reflection peak. As the MLD coating is irradiated at increasingly 
oblique angles of incidence, the spectrally narrow reflection peak will be shifted toward 
5 increasingly shorter wavelengths. While the degree of this latter peak shift will depend 
on such issues as phase dispersion and the change in optical admittance with increasingly 
oblique incidence, the fractional shift in the peak transmittance will change generally 
with the phase thickness shift. As such, the fractional shift in peak transmittance will be 
slightly less than cos 0, where 9 is the angle from normal incidence. As the angle of 
10 incidence, 9, increases, the magnitude of the reflectance peak will generally decrease, as 
well. 

The aforementioned characteristics of these high-finesse MLD coatings are utilized in the 
preferred embodiments of the present invention. In accordance with the illustrated 

15 preferred embodiments, a novel laser cavity structure is disclosed herein that effectively 
utilizes the sensitivity of the aforementioned coatings to angle-of-incidence when these 
same coatings are irradiated with quasi-monochromatic light. This is normally 
accomplished through the use of a cavity mirror that conforms to a single surface of 
revolution. High confinement is achieved through novel use of the highly angle- 

20 dependent MLD reflectors. Thus, instead of utilizing TIR or metal films, which both 

provide wide acceptance angles to high order cavity modes, the present invention utilizes 
external reflection and narrow acceptance angles to increase the stability of selected, 
lower order, cavitymodes. 
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Because the present invention does not rely on TIR or metallic films to provide high 
confinement for various laser modes, it is designed with a fundamentally different set of 
requirements for the refractive indices of its individual components. In contrast to the 
5 disk and spherical lasers of the prior art, the gain medium - or, equivalently, the volume 
in which it resides - in lasers of the present invention should possess an effective 
refractive index, no, lower than that of the immediately surrounding medium. As such, 
the high index layers of the MLD of the present invention must have a refractive index, 
n H , greater than that of the gain volume. 

10 

In one preferred embodiment, the present invention provides a laser cavity_structure that 
does not require a partially reflective mirror or external optics to efficiently couple laser 
light to a work piece or various process media. Instead, the laser cavity structure 
disclosedjierein allows photo-absorbing media to be introduced through the center of the 
15 cavity, so that energy not absorbed by the photo-absorbing media may contribute back to 
the energy stored inside the cavity. According to this aspect, the irradiation of photo- 
absorbing media may also be rendered highly uniform, and is well suited for media of 
substantially circular symmetry. 

20 In another embodiment, the invention provides a unique configuration for coupling laser 
radiation from the edge of the spherical and disk lasers described, as the mode selection 
provided allows efficient coupling of a low-divergence beam from the cavity edge. Other 
objects of the present invention follow. 

8 
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One objective of the present invention is to provide a laser cavity structure that allows 
high thermal stability. 

5 Another objective of the present invention is to provide a disk or spherical laser cavity 
structure that discourages the establishment of whispering modes 

Another object of the present invention is to provide a laser cavity structure which allows 
mode selection through the use of all-dielectric reflectors of unusually high finesse. 

10 

Yet another object of the present invention is to increase the stability of conventional 
laser cavity structures through the suppression of walk-off modes. 

Another object of the present invention is to provide a laser cavity structure that allows a 
1 5 low threshold to lasing. 

Another object of the present invention is to provide a means for irradiating a photo- 
absorbing medium from a continuous 360-degree periphery. 

20 Another object of the present invention is to provide a laser cavity structure that allows 
efficient and reliable mechanical design. 
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BRIEF DESCRIPTION OF DRAWINGS 



FIG. 1 is a delimited cross-sectional view of a thin film design for a MLD used in the 
preferred embodiment. 

FIG. 2 is a reflectance curve for an MLD coating fabricated in accordance with the 
embodiments set forth in FIG. 1 ., showing normal incidence and tilted reflectance in the 
region of 300nm to 400nm. v 

FIG. 3 is a sectional top view of the invention in its first preferred embodiment. 

FIG. 4 is a sectional side view of the invention constructed as a spherical cavity laser. 

FIG. 5 is a sectional side view of the invention constructed as a cylindrical cavity laser. 

FIG. 6 is a sectional top view of the invention in one of its embodiments, showing laser 
emission coupled from the edge of the cavity. 

FIG. 7 is a sectional top view of the invention in another of its embodiments, wherein the 
cavity is pumped by an external light source. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



The following description and FIGS. 1 through 7 of the drawings depict various 
5 embodiments of the present invention. The embodiments set forth herein are provided to 
convey the scope of the invention to those skilled in the art. While the invention will be 
described in conjunction with the preferred embodiments, various alternative 
embodiments to the structures and methods illustrated herein may be employed without 
departing from the principles of the invention described herein. Like numerals are used 
1 0 for like and corresponding parts of the various drawings. 

In FIG. 1 is a repeated scheme for the build-up of a high-reflectance MLD. The MLD 
contains p quarter- wave pairs, each consisting of a low index layer (14) and a high index 
layer (15). The substrate (1) provides the surface of revolution onto which the MLD is 

1 5 deposited, thus forming the gas cavity laser referred to in FIGS. 3-7. Each pair of 

quarter-wave layers (14) and (15) share a small refractive index difference, An, which is 
typically less than 0.2. The number of quarter-wave pairs, p, will typically be greater 
than 50 to maintain high reflectance. The quarter-wave pairs may be deposited 
sequentially to achieve MLD's containing hundreds of layers. Materials used will depend 

20 upon the spectral region desired for lasing action. In many cases the small difference in 
real refractive index, An, may be achieved by making substitutions into the matrix of a 
parent material. 
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For instance, ZrC>2 may be deposited as the parent material by ion beam sputtering, 
thereby forming one of the quarter-wave layers. Subsequently, the second layer material 
may then be formed using the same process, while co-sputtering a second material, such 
as TiC>2, from a separate target in the same process chamber, resulting in the second layer 
being a mixture of the two oxides. As a result, the refractive index of the second layer 
may be controllably rendered slightly higher than that of the first layer; this, through the 
well-controlled addition of Ti02 to a ZrC>2 matrix. The MLD, as shown in FIG. 1, may 
also be constructed with additional thin film structures incorporated for performing 
additional functions, such as anti-reflection coatings or secondary reflectors, and so forth. 
However, to achieve the finesse required in the present invention, the MLD design 
chosen for the cavity mirror must incorporate a high number of quarter-wave pair 
iterations, accompanied by an unusually small index difference, An. 

In FIG. 2 are reflectance curves, in wavelength X vs. % reflectance, for an MLD reflector 
fabricated according to the design set forth in FIG. 1, for light incident approximately 
normal to the substrate. The reflectance peak of the MLD reflector at normal incidence, 
as given by the solid line (2), is an example of the narrow full-width-half-max (FWHM) 
achieved with low An. The reflectance peaks of FIG. 2 is obtained from a MLD reflector 
containing ninety pairs (p=90) of the quarter- wave layers, with the index difference of the 
pair, An=0.04. A topmost high-index layer (19) would typically be deposited to give 
maximum reflectance, resulting in an odd number of layers (in this case, 181 layers). The 
dashed line (3) in FIG. 2 is the reflectance peak for the same MLD reflector when 
irradiated with light at an angle of 15° from normal incidence. The spectral shift between 

12 
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the two reflectance peaks of FIG. 2 is found to be approximately A,o -X\=AX=5 nm, while 
the magnitude of p-polarization peak reflectance is also found to drop from 95% to 94%. 
The magnitude of the peak reflectance may be increased through an increase in p; and, as 
peak reflectance increases, the latter 1% percent drop becomes an increasingly decisive 
factor in determining cavity Q, and mode selection, within the laser cavity. A more 
narrow, or broad, FWHM (16) may be obtained by varying An according to the 
previously described relationships. In addition to the narrow FWHM, another useful 
characteristic of this MLD design, when incorporated in the present invention, is the 
pointed shape of the peak, as this pointed shape allows a more narrowly defined peak 
reflectance. The utility of these characteristics will become apparent when discussed in 
conjunction with the embodiments of FIGS. 3-7. 

In FIG. 3, the present invention is shown in its first preferred embodiment. The substrate 
(1) provides the structure by which the surface of revolution, with axis of circular 
symmetry (9), is defined. In the embodiments of FIGS. 3-7, this surface of revolution 
will be identical to the interface between the substrate (1) and the MLD reflector (5). The 
MLD reflector (5), as described in FIGS. 1-2, conforms to this surface of revolution and 
modifies its reflective characteristics. The gain medium for the laser is contained within 
the cavity interior (4), formed by the substrate and integral MLD reflector. As such, if a 
fluorescent event occurs within the gain medium, its confinement within the cavity is 
very much altered through the incorporation of the previously set forth MLD. The MLD 
limits the bandwidth of the laser emission, first through the interference filtering of the 
normal incidence emission, as practiced in the prior art. However the circular geometry 
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of the present invention, combined with the high angle-dependence of the MLD reflector, 
as described in FIGS. 1-2, requires that emission from the fluorescent event also 
propagate within a narrowly defined solid angle, if it is to be reflected back into the 
cavity interior (4). Propagation which occurs outside this solid angle, such as indicated 
by solid line (6), will be allowed to transmit outside of the cavity interior (4), thereby 
avoiding the establishment of laser modes for such off-angle propagation. In the 
geometries described, these highly angle-dependent MLD reflectors thereby become a 
means of mode selection. The zig-zag line (7) which depicts the direction of mode 
propagation is only for demonstration, but indicates that the concentration of allowed 
modes is at or near normal incidence. The precise angle of the dominant mode will be 
determined by such design considerations as the preferred angle-of-incidence, the 
fluorescence spectra of the gain medium, the type of coupling desired, etc. 

In the laser cavity structure of the present invention, confinement of the laser modes to 
paths that are at or near to normal incidence allows several unique coupling 
configurations. One such configuration is shown in FIG. 3, wherein laser radiation is 
coupled from the laser by introducing the media to be processed into the center of the 
laser cavity. This may be accomplished through implementation of a tube (8), which 
separates the gain medium from the process media passing through the tube interior, 
thereby providing a process volume within the cavity. The latter embodiment will be 
particularly effective in the processing of media that possess low absorption cross- 
sections, such as gases and vapors. Alternatively, the central coupling structure 
designated by the tube (8) may instead contain a cone-shaped optical element for 
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extraction of laser light from the center of the cavity as has been described in numerous 
papers and patents of the prior art. 

The cross-sectional figure of the cavity mirror may be designed variously, dependent 
5 upon the type of gain medium and lasing action required. In FIG. 4, the surface of 

revolution possesses a cross-sectional figure with a radius of curvature equivalent to that 
of the surface of revolution as viewed from the top in FIG. 3, thereby rendering it a 
spherical section. In this embodiment, laser emission is confined to propagate through a 
small volume (17) located at the center of the spherical mirror, intersected by the axis of 
10 circular symmetry (9), thereby allowing an unusually high power density within this 
small volume. 

Another embodiment of the present invention is presented in FIG. 5, in which the cross- 
sectional figure of the surface of revolution- again, identical to the MLD/substrate 

15 interface - is straight, thereby rendering the surface of revolution a cylinder. The 
cylindrical shape of the laser cavity structure in the latter embodiment serves to 
demonstrate an added utility that is realized with the incorporation of the described 
MLD's. Unlike the cavity geometries of the prior art, linear and other, which use 
relatively low-finesse reflectors, the present invention allows the stability associated with 

20 a particular cavity mirror selection to be increased. Whereas flat (or cylindrical) cavity 
mirrors will typically support parasitic "walk-off modes which can decrease the overall 
Q-factor of the laser cavity, these same modes, such as exemplified by propagation 



Appl. Ser. Nr. 09/839,254 (Hilliard) filed 4/20/01, Amend. A CLEAN COPY 16 of 24 

direction (6) in FIG. 5, will be discouraged due to the low reflectivity of the cavity 
mirrors at these angles. 

In an alternative embodiment of the present invention, laser radiation may also be 
coupled out of the laser cavity through the edge of the cavity, as in FIG. 6. This latter 
coupling may be accomplished by selectively removing or preventing the MLD 
deposition - through etching, masking, etc. - so as to provide an effective aperture (10) 
through which radiation may transmit. Benefits of the invention, as set forth in the 
embodiments of FIG. 6, include the ability to combine a high degree of mode selection 
with an unusually high cavity Q (and commensurately low threshold). 

In FIG. 7 is another embodiment of the present invention that allows for edge pumping 
of the circular cavity. The laser cavities described in the present invention may comprise 
gas, solid, or liquid gain media, and may be pumped by any of the compatible methods 
described in the art, such as by a discharge. Also, the present invention allows for a 
unique method of optical pumping. Because of the reflectance and, inversely, the 
transmission characteristics of the high-finesse MLD's of the present invention, lasers of 
the present invention may easily be pumped with laser radiation which corresponds to the 
peak absorption region of the gain medium's absorption spectrum. It is possible in the 
present invention to efficiently couple in the pump radiation through the cavity mirror 
and MLD. In this manner, diode lasers could be positioned around the periphery of the 
cavity mirror. 
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It should be noted that, in embodiments of the present invention where the laser cavity is 
fabricated with a disk-like aspect, thermal stability is typically more easily obtained than 
in other laser cavities. This latter advantage is due to the ability to effectively heat-sink 
the cavity through its planar sides - as indicated by dashed lines (18) in FIGS. 4-5 - as 
these surfaces need not be transparent. In fact, these surfaces can possess any of a 
number of reflecting, absorbing, or scattering characteristics, depending on the 
application. The ability to heat-sink these cavities can be particularly important in the 
case that the gain medium is solid state. Heat-sinking, in such a case, may also be 
performed effectively through the cavity mirror, as long as the outer layers of the cavity 
mirror are specified so as to prevent any possible TIR of unwanted laser wavelengths. If 
the laser cavity structure of the present invention is to be operated in an ambient medium 
which possesses a refractive index, n A , substantially lower than nc, then an absorbing 
and/or scattering layer is preferably utilized externally to the MLD. This latter use of an 
absorbing and/or scattering layer serves to prevent specular reflection of unwanted cavity 
emissions back through the MLD to re-enter the gain volume. Such measures could be 
implemented in the case that the gain medium is solid state. 

It is not intended that the MLD reflector be restricted to the embodiments of FIG. 1, as 
the latter embodiments are presented primarily for the purpose of teaching the invention. 
The MLD implemented in a particular embodiment will depend on its particular 
requirements. The MLD may comprise organic or inorganic materials, or a combination 
of both. The design of the MLD reflector may vary considerably, as well. For instance, 
certain layer pairs within the MLD may possess a much higher An without appreciably 

17 
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increasing the FWHM of FIG. 2. The thin film materials utilized may possess 
amorphous or crystalline microstructures; and as such, may be optically isotropic, 
uniaxial or biaxial, depending upon the precise transmission characteristics of the MLD 
reflector. The MLD reflector may, in some applications, be designed for peak reflectance 
at a relatively large angle of incidence. Various other functions may also be incorporated 
into the MLD design, such as an anti-reflection coating, or the transmission of a 
particular fluorescence peak. 

It should also be noted that the embodiments of FIGS. 3-4 do not require that the 
described spherical cavity laser be restricted to any particular major spherical section. In 
fact, the cavity structure sectional view of FIG. 4 may as easily describe operation of a 
cavity structure that is not truncated at all, so that the cavity is a complete sphere. Also, 
the MLD described herein may, in many circumstances, be deposited on the external 
surface of the substrate, therein defining the required surface of revolution. In these latter 
circumstances, the substrate would reside within the cavity interior, and hence would 
need to be quite transparent to the desired wavelengths. Such a case might be when the 
required surface of revolution is the external surface of a sphere, which is composed of a 
laser glass or crystalline material. 

The present invention is seen to have potential applications in several areas. One such 
application would be in the treatment of optical fibers or optical fiber preforms, where the 
fiber or preform could be passed through the center of a laser cavity similar to that 
described in FIG. 3. Another potential application could arise in the general field of 
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vapor deposition, where various vapors or gases might be ionized, heated, or otherwise 
altered by passing through the process volume of FIG. 3. 

The preceding description provides an laser cavity structure that may be operated as a 
5 laser, optical amplifier, or other, optically resonating, device. Although the present 
invention has been described in detail with reference to the embodiments shown in the 
drawings, it is not intended that the invention be restricted to such embodiments. It will 
be apparent to one practiced in the art that various departures from the foregoing 
description and drawings may be made without departure from the scope or spirit of the 
10 invention. 



19 



Appl. Ser. Nr. 09/839,254 (Hilliard) filed 4/20/01 , Amend. A CLEAN COPY 24 of 24 



5 

ABSTRACT 

A novel laser apparatus is disclosed which pertains to laser resonator geometries 
possessing circular symmetry, such as in the case of disk or spherical lasers. The 

10 disclosed invention utilizes multi-layer dielectric (MLD) thin film reflectors of many 
layer pairs of very small refractive index difference, the MLD deposited on a surface of 
revolution, thereby forming an optical cavity. These dielectric reflectors are disposed in 
such a way as to allow selection of preferred low order modes and suppression of 
parasitic modes while allowing a high cavity Q factor for preferred modes. The invention 

1 5 disclosed, in its preferred embodiments, is seen as particularly useful in applications 
requiring high efficiency in the production and coupling of coherent radiation. This is 
accomplished in a cavity design that is relatively compact and economical. 
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CIRCULAR LASER 
BACKGROUND OF THE INVENTION 



Field of the Invention: 



The present invention relates generally to the field of mode discrimination means 
injdisk and spherical] laser cavities, and in particular, mode discrimination in macroscopic 
1 0 cavities wherein a vast number of modes may otherwise be sustained. 



Description of the Related Art: 

The present invention relates generally to the field of lasers and optical resonator 
15 design, and in particular, to the fields of disk and spherical lasers. Also, the invention 
(cW*^) relates tojresonatorjdesigns that utilize multi-layer dielectric (MLD) thin film reflectors 
that provide a high degree of mode selection. 

(cta^c) Laser jresonators[of the disk and spherical geometries have become an 

20 increasingly intensive field of research; in particular, for such lasers that are fabricated on 
a miniature or microscopic scale. In the latter case, the predominant means of cavity 
reflection is through total internal reflection (TIR), which provides an extremely high 
cavity Q. Such reflective means normally manifest in "whispering modes/ 5 which 
propagate at angles below the critical angle for TIR. These microdisk and microsphere 
^^^25 [resonatorsjare very effective in cases involving evanescent coupling to an adjacent 
dielectric structure; however, they are known to contain a very large number of 
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competing high-order modes. In addition, the coupling of these whispering modes for 

useful work is difficult for applications not utilizing evanescent! propagation! ^f^^L) 

In recent years, theoretical studies have been performed on the development of 
derivation methods for cylindrical and spherical multilayer structures, which are aimed at 
5 providing an accurate description of the reflection coefficients and modal characteristics 
of these cavities. These studies address circular confinement structures with cavity 
dimensions on the order of the wavelengths studied. However, none of these studies are 

found to address the issues of applying jsuchj circular Bragg reflectors for larger cavities ^^^^ 

f\c\bA) larger former AAgpe ^ c WvvpvA 

^rv*rry of the sca j e u§ed for gag ^ja^fad state cav ities. |TheseJprevious studies also entertain" 

10 only the use of conventional MLD filters, with a large real refractive index difference, 
n H -n L = An >1, for the layer pairs, and with an accordingly small number of layers 
required for high reflection. 

The control of transverse modes in semiconductor lasers, primarily VCSEL's, has 
15 been reported by several research groups in the last decade. These latter reports utilize a 
circular Bragg grating structure as a complement to the planar Bragg mirrors of a 
conventional, high Q semiconductor cavity. Such circular Bragg gratings do not form the 
initial resonant cavity, but rather, aid in controlling relatively low Q, transverse modes of 
an existing Fabry-Perot structure. In such cases, the resultant control of transverse 
20 propagation may allow lowered thresholds, or enhanced stability. 

Earlier, large-scale,|resonatoijdesigns of a circular geometry operated on very 
different principles than the microlasers, utilizing primarily gas laser mediums and 
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metallic reflectors. In these earlier designs, optical power could be coupled for useful 
work at the center of the cavity, such as for isotope separation, or by using a conical 
reflector. Since, in these latter cases, laser modes that concentrated energy at the cavity's 
center were needed, some means for blocking the whispering-type modes was generally 
5 required. Such mode suppression was usually accomplished through radial stops; 
however, these stops only provided the most rudimentary mode control, in addition to 
hampering the efficient operation of the laser. Because of such issues, disk and spherical 
h-esonatorslhave not supplanted standardlresonatorsjfor any applications requiring ^ 
substantial optical power or a high degree of mode selection. 

10 



SUMMARY OF THE INVENTION 

A novelloptical resonatonhas been developed for use in such applications as ^ 

15 lasers and light amplifiers in general. The Jresonaton developed comprises alresonatorj 

mirror structure that provides a single surface of revolution. The cavity volume is 

defined by this surface of revolution, and contains the gainlmedij. Unlike prior art disk 

and/or spherical lasers possessing circular cavities, the present invention does not rely on 

total internal reflection (TIR) or metallic reflectors to provide a high cavity Q-factor (and 

20 a broad range of high-orderlpropagationimodes). Thejresonatori design of the present 

invention avoids use of these cavity confinement methods. In the optical resonator of the 

present invention, interference-based multilayer dielectric (MLD) reflectors are 
(cW^) r <* 

{developed thatlpossess unusually narrow reflection peak! These narrow bandwidths (cWrvA<^) 
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provideja degree of finesse usually associated with MLD transmission filters of the 



Fabry-Perot type. The high-finesse MLD reflectors of the present invention conform to 

the surface of revolution of thelresonatonmirror structure, allowing a high degree of 
angle-dependence for selective containment of fresonaton modes. These filters are 

disposed in such a way as to allowlselection ofllow order modes and suppression of < C € ^ re ^ 

parasitic modes while allowing a high cavity Q factor for the modes selected. ^IfccWjor^*^ 

For a multi-layer dielectric (MLD) coating consisting of alternating layers, where l rxc ^ s ^ / N c C 

all layers have an optical thickness equal to a quarter- wave of light at the wavelength of (Trv<&rf) 
interest, the reflectance may be described 
according to: 



R = 



-i2 



l-(n H /n L ) 2p (n H 2 /n L ) 
l+(n H /n L ) 2p (n H 2 /n L ) 



(1) 



wherein the index of refraction for the substrate is n S5 the two layer indices are n H (high 
index) and n L (low index), and the number of pairs of alternating layers is p. As is 

15 evidenced by equation (1), a higher reflectance may be achieved through the 

implementation of a greater difference in refractive index An = I n 2 -nil . High reflectance 
is thus normally achieved by maintaining An at a relatively high value. However, as 
equation (1) suggests, high reflectance may also be achieved by depositing many layer 
pairs possessing a relatively low difference in their refractive indices. As the index 

20 difference decreases, many more pairs of alternating layers must be deposited to maintain 
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reasonable reflectance. At the same time, this latter approach will result in a decrease in 
the bandwidth of light reflected by the resultant coating. The present invention utilizes 
MLD coatings which obtain high reflectance from an unusually low An; this is 
accomplished by maintaining a high degree of control over the properties of each layer 
5 through an unusually high number of iterations, p, of the layer pair. With well-controlled 
film characteristics, the reflectance of the resulting MLD coating is found to have a quite 
narrow bandwidth, typically in the order of nanometers. 



A characteristic of the MLD coatings utilized in the present invention is the angle- 
10 dependence of the reflection peak. As the MLD coating is irradiated at increasingly 

oblique angles of incidence, the spectrally narrow reflection peak will be shifted toward 
increasingly shorter wavelengths. While the degree of this latter peak shift will depend 
on such issues as phase dispersion and the change in optical admittance with increasingly 
oblique incidence, the fractional shift in the peak transmittance will change generally 
1 5 with the phase thickness shift. As such, the fractional shift in peak transmittance will be 
slightly less than cos 0, where 0 is the angle from normal incidence. As the angle of 
incidence, 0, increases, the magnitude of the reflectance peakjfor the p polarizatiorj will^*^^ 

20 The aforementioned characteristics of these high-finesse MLD coatings are 

utilized in the preferred embodiments of the present invention. In accordance with the 
illustrated preferred embodiments, a novel laser]] 



rjresonatorlhas been developed/ th^t ^ 



L Vygre^/v 

effectively utilizes the sensitivity of the aforementioned coatings to angle-of-incidence 
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when these same coatings are irradiated with quasi-monochromatic light. This is oocc+v\\\ ^ 

accomplished through the use of ajresonaton mirror that conforms to a jingle surface of 

revolution. High confinement is achieved through use of the highly angle-dependent 

MLD reflectorspeveloped in the present invention! Thus, instead of utilizing TIR or 

metal films, which both provide wide acceptance angles to high orderjresonatorjmodes, \$r KC * r ?ji' 

the present invention utilizes external reflection and narrow acceptance angles to increase 

r c^vAtv> 
the stability of selected, lower order, {resonator modes. (cW^E^) 



Because the present invention does not rely on TIR or metallic films to provide 
high confinement for various laser modes, it is designed with a fundamentally different 



tto 



set of requirements for the refractive indices of its individual components. In contrast \c 
the disk and spherical lasers of the prior art, the gainjmedia- or, equivalently, the volume 
in which it resides - in lasers of the present invention should possess an effective 
refractive index, no, lower than that of the immediately surrounding medium. As such, 
1 5 the high index layers of the MLD of the present invention must have a refractive index, 
n H , greater than that of the gain volume. 

In one preferred embodiment, the present invention provides a laserjresonatoijthat 

does not require a partially reflective mirror or external optics to efficiently couple laser ^f^^ 9 ^ 
(^o4^y\ vArtou<; process fl\tA&\ /-CA^i^ sWeh/r* oUstloKa 

20 light to a work piece or|mediui^ Instead, the laserjresonator develope^ herein allows ja 

/cWxM^ photo-absorbing mediumjto be introduced through the center of the cavity, so that energy 

not absorbed by the photo-absorbing piediumj may contribute back to the energy stored 

inside the cavity. According to this aspect, the irradiation of £ photo-absorbing mediumj (cW^C/) 
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may also be rendered highly uniform, and is well suited for media of substantially 
circular symmetry. 

In another embodiment, the invention provides a unique configuration for 
coupling laser radiation from the edge of the spherical and disk lasers described, as the 
5 mode selection provided allows efficient coupling of a low-divergence beam from the 
cavity edge. Other objects of the present invention follow. 

- One objective of the present invention is to provide a lasenresonator structure that allows 
lunusuallylhigh thermal stability. 

cuvnT^ structure. 

Another objective of the present invention is to provide a disk or spherical laserjresonatorj 
that discourages the establishment of whispering modes 

Another object of the present invention is to provide a laser Jresonatoij which allows mode 
15 selection through the use of all-dielectric reflectors of unusually high finesse 



^ Yet another object of the present invention is to increase the stability of conventional 
laserjresonator^ through the suppression of walk-off modes. 

20 Another object of the present invention is to provide a laser ^sonato^ that allows a low 
threshold to lasing. 
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Another object of the present invention is to provide a means for irradiating a photo- 
absorbing medium from a continuous 360-degree periphery. 

Another object of the present invention is to provide a laserjresonato^that allows efficient 
5 and reliable mechanical design. 



BRIEF DESCRIPTION OF DRAWINGS 

10 FIG. 1 is a delimited cross-sectional view of a thin film design for a MLD used in the 
preferred embodiment. 

FIG. 2 is a reflectance curve for an MLD coating fabricated in accordance with the 
embodiments set forth in FIG. 1 showing normal incidence and tilted reflectance in the 
1 5 region of 300nm to 400nm. 



FIG. 3 is a sectional top view of the invention in its first preferred embodiment. r 



FIG. 4 is a sectional side view of the invention constructed as a spherical jresonatorj 
FIG. 5 is a sectional side view of the invention constructed as a cylindrical jresonato^. 
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FIG. 6 is a sectional top view of the invention in one of its embodiments, showing laser 
emission coupled from the edge of the cavity. 

FIG. 7 is a sectional top view of the invention in another of its embodiments, wherein the 
cavity is pumped by an external light source. 



DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The following description and FIGS. 1 through 7 of the drawings depict various 
embodiments of the present invention. The embodiments set forth herein are provided to 
convey the scope of the invention to those skilled in the art. While the invention will be 
described in conjunction with the preferred embodiments, various alternative 
embodiments to the structures and methods illustrated herein may be employed without 
departing from the principles of the invention described herein. Like numerals are used 
for like and corresponding parts of the various drawings. 

In FIG. 1 is a repeated scheme for the build-up of a high-reflectance MLD. The 
MLD contains p quarter-wave pairs, each consisting of a low index layer (14) and a high 
index layer (15). The substrate (1) provides the surface of revolution onto which the 
MLD is deposited, thus forming thejresonatoljreferred to in FIGS. 3-7. Each pair of 
quarter-wave layers (14) and (15) share a small refractive index difference, An, which is 
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typically less than 0.2. The number of quarter-wave pairs, p, will typically be greater 
than 50 to maintain high reflectance. The quarter-wave pairs may be deposited 
sequentially to achieve MLD's containing hundreds of layers. Materials used will depend 
upon the spectral region desired for lasing action. In many cases the small difference in 
real refractive index, An, may be achieved by making substitutions into the matrix of a 
parent material. 



For instance, Zr0 2 may be deposited as the parent material by ion beam 
sputtering, thereby forming one of the quarter-wave layers. Subsequently, the second 
layer material may then be formed using the same process, while co-sputtering a second 
material, such as Ti02, from a separate target in the same process chamber, resulting in 
the second layer being a mixture of the two oxides. As a result, the refractive index of 
the second layer may be controllably rendered slightly higher than that of the first layer; 
this, through the well-controlled addition of Ti0 2 to a Zr0 2 matrix. The MLD, as shown 
in FIG. 1, may also be constructed with additional thin film structures incorporated for 
performing additional functions, such as anti-reflection [coatings] secondary reflectors, 
and so forth. However, to achieve the finesse required in the present invention, the MLD 
design chosen for thelresonatorjmirror must incorporate a high number of quarter-wave 
pair iterations, accompanied by an unusually small index difference, An. 

^^ ire c^fUxW^ Cvrv^/n «ocx v*1<> ^Vn )> ^fi^ 

In FIG. 2 is a reflectance curvejfor an MLD reflector fabricated according to the r v 
design set forth in FIG. 1, for light incident normal to the substrate. The reflectance of 
the MLD reflector at normal incidence, as given by the solid line (2), jiemonstratesjthe (cWkt^) 
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narrow full-width-half-max (FWHM)kchievabl3 with low An. The reflectance ^urve^of 
FIG. 2 is Iderivedjfrom [anjMLD reflector containing ninety pairs (p=90) of the quarter- 
wave layers, with the index{spl!t|of the pair, An=0.04. A topmost high-index layer (19) 
would typically be deposited to give maximum reflectance, resulting in an odd number of r . 
layers (in this case, 181 layers). The dashed|curv^(3) in FIG. 2 is the reflectance jcurvej 
for the same MLD reflector when irradiated with light at an angle of 1 5° from normal 
incidence. The spectral shiftHn the reflectance peakjis found to be approximately[A^=5 - — - — 
nnj while the magnitude of p-polarization peak reflectance is also found to drop trom ^cVo^v^ 
95% to 94%. The magnitude of the peak reflectance may be increased through an 
increase in p; and, as peak reflectance increases, the latter 1% percent drop becomes an 
increasingly decisive factor in determining cavity Q ? and mode selection, within the 
jresonatoA A more narrow, or broad, FWHM (16) may be obtained by varying An 
according to the previously described relationships. In addition to the narrow FWHM, 
another useful characteristic of this MLD design, when incorporated in the present 
invention, is the pointed shape of the peak, as this pointed shape allows a more narrowly 
defined peak reflectance. The utility of these characteristics will become apparent when 
discussed in conjunction with the embodiments of FIGS. 3-7. 



In FIG. 3, the present invention is shown in its first preferred embodiment. The 
substrate (1) provides the structure by which the surface of revolution, with axis of 
circular symmetry (9), is defined. In the embodiments of FIGS. 3-7, this surface of 
revolution will be identical to the interface between the substrate (1) and the MLD 
reflector (5). The MLD reflector (5), as described in FIGS. 1-2, conforms to this surface 
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of revolution and modifies its reflective characteristics. The gainjmedialfor the laser is 
contained within the cavity! volume! (4), formed by the substrate and integral MLD 
reflector. As such, if a fluorescent event occurs within the gainjmedii^ its confinement 
within the cavity is very much altered through the incorporation of the previously set 
forth MLD. The MLD limits the bandwidth of the laser emission, first through the 
interference filtering of the normal incidence emission, as practiced in the prior art. 
However the circular geometry of the present invention, combined with theiextreme] 
angle-dependence of the MLD reflector, as described in FIGS. 1-2, requires that 
emission from the fluorescent event also propagate within a narrowly defined solid angle, 
if it is to be reflected back into the cavity^olumeJ(4). Propagation which occurs outside 
this solid angle, such as indicated by solid line (6), will be allowed to transmit outside of 
the cavity Jvolurn^ (4), thereby avoiding the establishment of laser modes for such off- 
angle propagation. In the geometries described, these highly angle-dependent MLD 
reflectors thereby become a means of mode selection. The zig-zag line (7) which depicts 
15 the direction of mode propagation is only for demonstration, but indicates that the 

concentration of allowed modes is at or near normal incidence. The precise angle of the (^W^) 
dominant mode will be determined by such design considerations as thejprecise angle of J r\Qjd^U\c^ 
incidence desiredl the fluorescence spectra of the gainmedia, the type of coupling 
desired, etc. 

In thejoptical resonatoijof the present invention, confinement of the laser modes 
to paths that are at or near to normal incidence allows several unique coupling 
configurations. One such configuration is shown in FIG. 3, wherein laser radiation is 
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coupled from the lasei£not through partially reflective mirrors, butjby introducing the 

media to be processed into the center of the laser cavity. This may be accomplished 

through implementation of a tube (8), which separates the gainjmediajfrom the process 

media passing through the tube interior, thereby providing a process volume within the 

cavity. The latter embodiment will be particularly effective in the processing of media 

that possess low absorption cross-sections, such as eases and vapors. Alternatively, the 
co\Wj\ c^nfoiV^ kVrvGWf_ (ci^e) 

jvolumejdesignated by the tube (8) may instead contain a cone-shaped optical element for 
extraction of laser light from the center of the cavity as has been described in numerous 
papers and patents of the prior art. 

The cross-sectional figure of the^esonator|mirror may be designed variously, 
dependent upon the type of gain |media| and lasing action required. In FIG. 4, the surface 
of revolution possesses a cross-sectional figure with a radius of curvature equivalent to 
that of the surface of revolution as viewed from the top in FIG. 3, thereby rendering it a 
spherical section. In this embodiment, laser emission is confined to propagate through a 
small volume located at the center of the spherical mirror, intersected by the axis of 
circular symmetry (9), thereby allowing an unusually high power density within this 
small volume. 



Another embodiment of the present invention is presented in FIG. 5, in which the 
cross-sectional figure of the surface of revolution- again, identical to the MLD/substrate 
interface - is straight, thereby rendering the surface of revolution a cylinder. The 
cylindrical shape of thefresonatorlin the latter embodiment serves to demonstrate an 
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added utility that is realized with the incorporation of the described MLD's. Unlike the 



[resonatoi^eometries of the prior art, linear and other, which use relatively low-finesse 
reflectors, the present invention allows the stability associated with a particular cavity 
mirror selection to be increased. Whereas flat (or cylindrical) cavity mirrors will 
typically support parasitic "walk-off modes which can decrease the overall Q-factor of 
the laser cavity, these same modes, such as exemplified by propagation direction (6) in 
FIG. 5, will be discouraged due to the low reflectivity of the cavity mirrors at these 
angles. 

In an alternative embodiment of the present invention, laser radiation may also be 
coupled out of the laser cavity through the edge of the cavity, as in FIG. 6. This latter 
coupling may be accomplished by selectively removing or preventing^ the MLEL v 



deposition - through etching, masking, etc. - so as to provide an aperture (10) through 
which radiation may transmit. Benefits of the invention, as set forth in the embodiments 
of FIG. 6, include the ability to combine a high degree of mode selection with an 
unusually high cavity Q (and commensurately low threshold). |as such, the divergence of 
the emitted beam may be more easily controlled than with disk and spherical lasers of the 
prior art] 



In FIG. 7 is another embodiment of the present invention that allows for edge 

TVve gW^e) 

pumping of the circular cavity. Iwhile thejlaser cavities described in the present invention 
may comprise gas, solid, or liquid gain media, and may be pumped by any of the 
compatible methods described in the art, the present invention allows for a unique 
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method of optical pumping. Because of the reflectance and, inversely, the transmission 
characteristics of the high-finesse MLD'sldeveloped forjthe present invention, lasers of 
the present invention may easily be pumped with laser radiation which corresponds to the 
peak absorption region of the gain medium's absorption spectrum. It is possible in the ^ v 
present invention to efficiently couple in the pump radiation through the^sonato^mirror 
and MLD. In this manner, diode lasers could be positioned around the periphery of the 
^resonatclrjmirror. (S^t^y^ 

It should be noted that, in embodiments of the present invention where the laser 
cavity is fabricated with a disk-like aspect, thermal stability is typically more easily 
obtained than in other laser cavities. This latter advantage is due to the ability to 
effectively heat-sink the cavity through its planar sides - as indicated by dashed lines (18) 
in FIGS. 4-5 - as these surfaces need not be transparent. In fact, these surfaces can 
possess any of a number of reflecting, absorbing, or scattering characteristics, depending 
on the application. The ability to heat-sink these cavities can be particularly important in 
the case that the gainlmedialis solid state. Heat-sinking may also be performed" , v 

effectively through thelresonatorlmirror, as long as the outer layers of the resonator) 
mirror are specified so as to prevent^TIR of jthejlaser wavelengths. If thejresonatorjofthe £1^*^ 
present invention is to be operated in an ambient medium which possesses a refractive 
index, nA^lower than n G , then an absorbing and/or scattering layer is preferably utilized 
externally to the MLD. This latter use of an absorbing and/or scattering layer serves to 
prevent specular reflection of unwanted cavity emissions back through the MLD to re- 
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enter the gain volume. Such measures could be implemented in the case that the gain 



£media]is solid state. 



It is not intended that the MLD reflector be restricted to the embodiments of 
5 FIG.l, as the latter embodiments are presented primarily for the purpose of teaching the 
invention. The MLD implemented in a particular embodiment will depend on its 
particular requirements. The MLD may comprise organic or inorganic materials, or a 
combination of both. The design of the MLD reflector may vary considerably, as well. 
For instance, certain layer pairs within the MLD may possess a much higher An without 
10 appreciably increasing the FWHM. The thin film materials utilized may possess 
amorphous or crystalline microstructures; and as such, may be optically isotropic, 
uniaxial or biaxial, depending upon the precise transmission characteristics of the MLD 
reflector. The MLD reflector may, in some applications, be designed for peak reflectance 
at a relatively large angle of incidence. Various other functions may also be incorporated 
1 5 into the MLD design, such as an anti-reflection coating, or the transmission of a 
particular fluorescence peak. 



It should also be noted that the embodiments of FIGS. 3-4 do not require that the 
described spherical[resonato^be restricted to any particular major spherical section. In 
20 fact, the{resonator| sectional view of FIG. 4 may as easily describe operation of a 

resonatorithat is not truncated at all, so that thelresonatorus a complete sphere. Also, the 



MLD described herein may, in many circumstances, be deposited on the external surface 
of the substrate, therein defining the required surface of revolution. In these latter 
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circumstances, the substrate would reside within the[resonator volumej and hence would 
need to be quite transparent to the desired wavelengths. Such a case might be when the 
required surface of revolution is the external surface of a sphere, composed of a laser 
glass or crystalline material. 

The present invention is seen to have potential applications in several areas. One 
such application would be in the treatment of optical fibers or optical fiber preforms, 
where the fiber or preform could be passed through the center of a laser cavity similar to 
that described in FIG. 3. Another potential application could arise in the general field of 
vapor deposition, where various vapors or gases might be ionized, heated, or otherwise 
altered by passing through the process volume of FIG. 3. |?et another potential . 
application for the present invention is in the area of micro-optics. For example, 
microspheres of SiC^ could be coated with MLD f s in accordance with the embodiments 
of the present invention. These same microspheres could be fabricated with fluorescing 
components incorporated into the SiC^ matrix, therein providing a laser structure that 
might be pumped by various means. Alternatively, the gain material might be a 
semiconductor, as well; as such, the MLD reflector would allow photoluminescence, or 
be designed of semiconductor materials that allow cathode luminescence or charge 
injection of the gain medium^ 

The preceding description provides anfoptical resonato^ structure that may be 
operated as a laser, optical amplifier, or other, optically resonating, device. Although the 
present invention has been described in detail with reference to the embodiments shown 
in the drawings, it is not intended that the invention be restricted to such embodiments. It 
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will be apparent to one practiced in the art that various departures from the foregoing 
description and drawings may be made without departure from the scope or spirit of the 
invention. 
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What is claimed is: 



1 . A structure for providing optically resonant modes, comprising: 
5 a.) a cavity structure providing a surface of revolution; 

b.) a multilayer dielectric reflector deposited on the surface of revolution, the 
reflector defining an optically resonant cavity with resonant modes, the 
reflector substantially delimiting propagation within the cavity to preferred 
resonant modes; 

10 c.) an optical gain medium within the optical cavity, the medium disposed for 

emitting optical radiation into the preferred modes. 

2. The structure of Claim 1 , wherein the medium is pumped by a discharge. 



15 3. The structure of Claim 1 , wherein additional layers are deposited for additional 

functions. 

4. The structure of Claim 1, wherein the multilayer dielectric reflector contains 
more than 60 layer pairs, the pairs having a refractive index difference, nu - 
20 < 0.2. 



5. 



The structure of Claim 1, wherein a material with an optical absorption cut-off 
limits unwanted propagation in the structure. 
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6. The structure of Claim 1, wherein the structure also defines a central process 
space in a central region of the cavity. 

7. The structure of Claim 1, wherein a substantially conical reflector is used to 
reflect the radiation. 

8. The structure of Claim 1, wherein the radiation is used for materials processing. 

9. The structure of Claim 1, wherein the radiation is used for the treatment of 
optical fiber. 

10. The structure of Claim 1, wherein the radiation is used for the treatment of 
optical fiber preforms. 

1 1 . The structure of Claim 1 , wherein the radiation is used for the treatment of 
semiconductor processing gases. 

12. The structure of Claim 1 , wherein the gain medium is a gas. 

13. The structure of Claim 1, wherein the gain medium is solid state. 

14. The structure of Claim 1, wherein the surface of revolution is discontinuous. 

21 
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15. The structure of Claim 1 , wherein the reflector is discontinuous. 

16. The structure of Claim 1, wherein the gain medium provides a narrow 
fluorescence spectrum. 

1 7. The structure of Claim 1 , wherein radiation is coupled through the surface of 
revolution. 

1 8. A structure for providing optically resonant modes, comprising: 

a. ) a cavity structure providing a spherical surface of revolution; 

b. ) a multilayer dielectric reflector deposited on the surface, the reflector 

defining an optically resonant cavity with resonant modes, the reflector 
having an angle-dependence, so that mode propagation within the cavity is 
substantially limited to preferred resonant modes; and, 

c. ) a gain medium within the cavity, the medium disposed for emitting optical 

radiation into the preferred modes. 

19. The structure of Claim 18, wherein the cavity comprises a solid, the solid 
transmitting a desired optical spectrum. 

20. The structure of Claim 1 8, wherein the gain medium is a gas. 
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21. A structure providing optically resonant modes, comprising: 

a. ) a cavity structure providing opposing optically reflecting surfaces, the 

opposing surfaces defining a cavity; 

b. ) a multilayer dielectric reflector deposited on at least one opposing surface, 

the reflector composed of at least one hundred-twenty (120) alternating 
layers of high index and low index nu wherein nH and nLare real 
refractive indices, wherein n H - n L < 0.1; 

c. ) an optical gain medium substantially within the optical cavity, the medium 

disposed for emitting radiation, a solid angle of propagation for the 
radiation being delimited by the reflector. 
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ABSTRACT 



A novel {resonator structurejis disclosed which pertains to laser resonator 



geometries possessing circular symmetry, such as in the case of disk or spherical lasers. 

10 The disclosed invention utilizes multi-layer dielectric (MLD) thin film reflectors of 

^3^5 ^ [unusually high-finessj. TheseJfiltenHare disposed in such a way as to allow selection of £r*t^n^5 

r^FrwloAtv^ l° w 0f der modes and suppression of parasitic modes while allowing|ui extreme!)] high 
\ m^ivo frd&riA erodes (cWj) 



jW. Mlfc cavity Q factor for ghe modes selected} The invention disclosed, in its preferred 



^^$0^^. embodiments > is seen as particularly useful in applications requiring high efficiency in 
^^^^TT^" the production and coupling of coherent radiation. Jjhe invention is also well suited for (c\z\ek&) 
achieving mode selection and narrow line-width^J This is accomplished in a cavity 



design that is relatively compact and economical. 
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anisochela * [rNV zoo] A chelate sponge spicule with dissim- 
ilar ends. { la.nis-a'kel-a } 

anisocytosis [med] A condition in which the erythrocytes 
show a considerable variation in size due to excessive quantities 
of hemoglobin. { la.nis-a.sl'to-sas } 

anlsodactylous [vert zoo] Having unequal digits, espe- 
cially referring to birds with three toes forward and one back- 
ward. { ja.nis-a'dak-ta-las } 

anlsodesmic [mineral] Pertaining to crystals or corn- 
pounds in which the ionic bonds are unequal in strength. 
( la.nis-a'dez-mik ] 

anlsogamete See heterogamete. { |a,nis o'ga ,met ) 
anisogamy See heterogamy. { [a.nis'ag a me } 
anisole [org chem] C 6 H 5 OCH 3 A colorless liquid that is 
soluble in ether and alcohol, insoluble in water; boiling point 
is 155°C; vapors are highly toxic; used as a solvent and in 
perfumery. { 'an '3,501 ) 

anlsomerous [bot] Referring to flowers that do not have 
the same number of parts in each whorl. { .a^T'samaras ) 

anisometric particle [virol] Any unsymmeirical, rod- 
shaped plant virus. ( Ja.nlsajme-trik 'pard-a-kol } 

Anlsomyarla [inv zoo] An order of mollusks in the class 
Bivalvia containing the oysters, scallops, and mussels. { ( a,nT* 
sa.ml'area } 

anisophyllous [bot] Having leaves of two or more shapes 
and sizes. { ia.nl-sajfil'as ) 

Anisoptera [inv zoo] The true dragonflies, a suborder of 
insects in the order Odonata. { ,a,nT'sap-tara ] 

anisostemonous [bot] Referring to a flower whose num- 
ber of stamens is different from the number of carpels, petals, 
and sepals. { ja,nT-sa'stenva-nas } 

Anisotomidae [inv zoo] An equivalent name for Leiodi- 
dae. { Ja,nl s3 , tam-3 l d6 J 

anisotropic [phys] Showing different properties as to] 
velocity of light transmission, conductivity of heat or electricity, I 
compressibility, and so on, in different directions. Also known 
as aeolotropic. ( Ja.nlsaltrapik ] 

anisotropic magnetores (stance [solid state] A type of 
magnetoresistance displayed by all metallic magnetic materials, 
which arises because conduction electrons have more frequent 
collisions when they move parallel to the magnetization in the 
material than when they move perpendicular to it. { ,ana- 
soJtrO-pik .mag.nedori'sistans ] 

anisotropic membrane [chem eng] An ultrafiltration 
membrane which has a thin skin at the separating surface and 
is supported by a spongy sublayer of membrane material. 
{ Ja.nT-soltrap-ik 'mem.bran ] 

anisotropy [astron] The departure of the cosmic micro- 
wave radiation from equal intensity in all directions, [bot] 
The property of a plant that assumes a certain position in 
response to an external stimulus, [phys] The characteristic 
of a substance for which a physical property, such as index of 
refraction, varies in value with the direction in or along which 
the measurement is made. Also known as aeolotropy; eolo- 
tropy. [zoo] The property of an egg that has a definite axis 
or axes. { Ja.nT'satra-pfi } 

anisotropy constant [electromag] In a ferromagnetic 
material, temperature-dependent parameters relating the mag- 
netization in various directions to the anisotropy energy. 
{ [a.nT'sa-tro'pe .kiinstant } 

anisotropy energy [electromag] Energy stored in a ferro- 
magnetic crystal by virtue of the work done in rotating the 
magnetization of a domain away from the direction of easy 
magnetization. { [a.nT'sa-tra-pe ( en*or je ) 

anisotropy factor See dissymmetry factor. - { Ja.nT'sa tra-pg 
,fak-tar } 

ankaramite [petr] A mafic olivine basalt primarily com- 
posed of pyroxene with smaller amounts of olivine and plagio- 
clase and accessory biotite, apatite, and opaque oxides. 
{ 'anka'ni.mlt } 

ankaratrite See olivine nephelinite. { .urj-ka'ra.trit } 

anker [mech] A unit of capacity equal to 10 U.S. gallons 
(37.854 liters); used to measure liquids, especially honey, oil, 
vinegar, spirits, and wine. ( 'arjkar ] 

ankerite [mineral 1 CafFe,Mg,Mn)fC0 3 ) 2 A white, red, 
or gray iron-rich carbonate mineral associated with iron ores 
and found in thin veins in coal seams> specific gravity is 2.95- 
3.1. Also known as cleat spar. ( 'arjka.rTt } 



ankle [an at] The joint formed by the articulation of the leg 
bones with the talus, one of the tarsal bones. [ 'an-kal } 

ankle breadth [anthro] The distance measured between 
projections at lower ends of the tibia and fibula. { 'an-kal 
.bredth } 

ankle thickness [anthro] Distance measured perpendicu- 
lar to ankle breadth. { 'an-kal .thiknas } 

Ankylosauria [paleon] A suborder of Cretaceous dinosaurs 
in the reptilian order Ornithischi a characterized by short legs 
and flattened, heavily armored bodies. { larj-kala'sorSa ] 

ankylosing spondylitis See spondylitis. { 'anka.loz-in 
.spanda'lTdas ) 

ankylosis Also spelled anchylosis, [med] Stiffness or 
immobilization of a joint due to a surgical or pathologic process. 
[phys] The loss by a system of one or more degrees of free- 
dom through development of one or more frictional constraints. 
{ ,anka'l6-sas } 

ankyrin [cell molI A protein found in the cell membrane 
of erythrocytes that attaches the membrane to the cytoskeleton 
protein spectrin. ( arj'kl*ren ) 

ANL See automatic noise limiter. 

anlage [embryo] Any group of embryonic cells when first 
identifiable as a future organ or body part. Also known as 
blastema; primordium. ( 'an.laga } 

annabergite [mineral] (Ni,Co) 3 (As0 4 V8H 2 0 A mono- 
clinic mineral usually found as apple-green incrustations as an 
alteration product of nickel arsenides; it is isomorphous with 
erythrite. Also known as nickel bloom; nickel ocher. { 'a- 
na, bar, git } 

annatto [bot] Bixa orellana. A tree found in tropical 
America, characterized by cordate leaves and spinose, seed- 
filled capsules; a yellowish-red dye obtained from the pulp 
around the seeds is used as a food coloring. ( a'nad-5 } 

anneal [eng] To treat a metal, alloy, or glass with heat and 
then cool to remove internal stresses and to make the material 
less brittle. Also known as temper, [gen] To recombine 
complementary strands of deoxyribonucleic acid that were sep- 
arated by heating or other means of denaturation. { a'nel J 

annealing furnace [eng] A furnace for annealing metals or 
glass. Also known as annealing oven. { a'neTirj .farnas } 

annealing oven See annealing furnace. { a'nglirj ,avon ] 

annealing point [thermo] The temperature at which the 
viscosity of a glass is 10 13 0 poises. Also known as annealing 
temperature; 13.0 temperature. ( a'neWn .point } 

annealing temperature See annealing point. [ a'nel- in. ,tem- 
pra-char ] 

annealing twin [metJ A twinned crystal that is formed as 
molten metal is cooled and solidified. [ a'nelin .twin ] 

Annodidae [vert zoo] A small family of limbless, snake- 
like, burrowing lizards of the suborder Sauria. ( a'neda.de } 

Annelida [inv zoo] A diverse phylum comprising the multi- 
segmented wormlike animals. [ a'nel' ada ) 

annex point [map] A point used to assist in the relative 
orientation of vertical and oblique photographs; selected in the 
overlap area between the vertical and its corresponding oblique 
photograph, about midway between the pass points. 
[ 'an,eks .point } 

annldation [ecol] The phenomenon whereby a mutant is 
maintained in a population because it can flourish in an avail- 
able ecological niche that the parent organisms cannot utilize. 
{ ,an*a'd3-shan J 

Annieltidae [vert zoo] A family of limbless, snakelike liz- 
ards in the order Squamata. { .an-e'el a.de ) 

annihilation [partic phys] A process in which an antiparti- 
cle and a particle combine and release their rest energies in 

' other particles. { a.nTa'la-shan } 

annihilation operator [quant mecu] An operator which 
reduces the occupation number of a single state by unity; for 
example, an annihilation operator applied to a state of one 
particle yields the vacuum. Also known as destruction opera- 
tor. ( a.nia'Iashan |a>a,radar } 

annihilation radiation [partic phys) Electromagnetic radi- 
ation arising from the collision, and resulting annihilation, of 
an electron and a positron, or of any particle and its antiparticle. 
{ a.nT a'la-shan .rad e'a-shan ) 

annihilator [math| For a set 5, the class of all functions of 
specified type whose value is zero at each point of 5. { a'nT* 
a,lSd-ar } 

anniversary clock [horol] A clock that can run as long as 



ANISOPTERA 



An adult dragonfly, showing the 
thickened spot, pterostigma, on the 
costal margin of the wing. 

ANKYLOSAURIA 




Restoration of the armored 
Cretaceous dinosaur 
Ankylosaurus (about 20 feet or 
6 meters long). 



isotropic radiation 



Ith miinae 



a not! 
r of a J 
direc- I 



such as pressure, are not dependent on the direction along 
which they are measured. { Jl'sajtrapik 'plaz-ma } 

Isotropic radiation [electromag] Radiation which is 
emitted by a source in all directions with equal intensity, or 
which reaches a location from all directions with equal intensity. 
{ fl-sajtra pik .rad g'a-shan ) 

isotropic radiator [phys] An energy source that radiates 
uniformly in all directions. { JT-S3|tra pijc 'rade,ad*ar } 

isotropic turbulence [fl mech] Turbulence whose proper- 
ties, especially statistical correlations, do not depend on direc- 
tion. { jTsaJtriipik 'tar-bya-lans } 

Isotropic universe [astron] A Universe postulated to have 
the same properties when viewed from all directions. { |T- 
saJtrS pik 'yU-ns.vars ) 

t Isotropy [phys] The quality of a property which does 
depend on the direction along which it is measured, or oi a 
medium or entity whose properties do not depend on the direc- 
, tion along which they are measured. { M'tra-pe* } 
• Isotropy group [math] For an operation of a group C on 
a set S, the isotropy group of an element s of S is the set of 
elements gin G such that gs = s. { 'i-so ( trO-pe .griip } 
isorypes [Immunol] 1. A series of antigens, for example, 
blood types, common to all members of a species but differenti- 
ating classes and subclasses within the species. 2. Different 
classes of immunoglobulins that have the same antigenic speci- 
ficity. { Tsa.tlps 1 

Isotypic [crystal] Pertaining to a crystalline substance 
whose chemical formula is analogous to, and whose structure 
is like, that of another specified compound. { Jlsajtip-ik ) 

Isovalent conjugation [phys chem] An arrangement of 
bonds in a conjugated molecule such that alternative structures 
with an equal number of bonds can be written; an example 
occurs in benzene. ( |r*sa;va*lant kan'jank-shan ) 

isovalent hyperconjugation [phys chem] An arrangement 
of bonds in a hyperconjugated molecule such that the number 
of bonds is the same in the two resonance structures but the 
second structure is energetically less favorable than the first 
structure; examples are H 3 «C-C*H 2 and H 3 =C-CH 2 . ( Jr 
sajvaiant .hlpar.kanja'ga-shan } 

Isovaleral See isovaleraldehyde. { jT'sOjval-aral ) 

isovateraldehyde [org chem] (CH 3 ) 2 CHCH 2 CHO A 
colorless liquid with an applelike odor and a boiling point 
of 92°C; soluble in alcohol and ether, used in perfumes and 
pharmaceuticals and for flavoring. { JI-sOjval'pr'al'da.hTd } 

Isovaleric acid [org chem] (CH 3 ) 2 CHCH 2 COOH Color- 
less liquid with disagreeable taste and aroma; boils at 176°C; 
soluble in alcohol and ether; found in Valeriana, hop, tobacco, 
and other plants; used in flavors, perfumes, and medicines. 
{ fl*s0-va'ler-ik 'as- 3d 1 

2-lsovaleryM,3-lndandlone [oro chem] C u H u 03 A 
yellow, crystalline compound with a melting point of 67-68°C; 
insoluble in water; used as a rodenticide. ( |tU Il-so'vala.ril 
|wan |thre .in-dan'dl.fln ] 

Isovel See isotach. ( Tsa.vel ] 

Isovolumlc See isochoric. ( [rsOjvfil-ya-mik } 

Isozyme See isoenzyme. ( 'I*sa,zTm ) 

ISP See imperial smelting process; Internet Service Provider. 

l-spin See isotopic spin. ( 'I ,spin } 

ISR See Intersecting Storage Rings. 

Israel's theorem [relat] A theorem of general relativity 
essentially proving that the Schwarzschild solution is the unique 
solution of Einstein's equations describing nonrotating black 
holes in empty space and that the Reissner-Nordstrom solution 
is the unique solution describing nonrotating charged black 
holes. { 'iz-re-alz .thiram } 

ISS See ion scattering spectroscopy. 

Isthmus [biol] A passage or constricted part connecting two 
parts of an organ, [geogr] A narrow strip of land having 
water on both sides and connecting two large land masses. 
[math] See bridge. ( 'is -mas } 

Istlophoridae [vest zoo] The billfishes, a family of oce- 
anic perciform fishes in the suborder Scombroidei. [ is*te- 
a'fdra.de } 

ISTS See impulsive stimulated thermal scattering. 

Isurldae [vert zoo] The mackerel sharks, a family of 
pelagic, predacious galeoids distinguished by a heavy body, 
nearly symmetrical tail, and sharp, awllike teeth. { i'sur-a.de* ) 

Itablrlte [ceol] A laminated, metamorphosed, oxide-facies 
iron formation in which the original chert or jasper bands have 



been recrystallized into megascopically distinguished grains of 
quartz and in which the iron is present as thin layers of hematite, 
magnetite, or martite. { .Cda'bi.rTt ) 
Itacolumtte [petr] A fine-grained, thin-bedded sandstone or 
a schistose quartzite that contains mica, chlorite, and talc and 
that exhibits flexibility when split into slabs. Also known as 
articulite. ( [id-a'kal-a.mjt ) 

Itaconlc acid [org chem] CH2:C(COOH)CH 2 COOH A 
colorless crystalline compound that decomposes at 165°C, pre- 
pared by fermentation with Aspergillus tern us; used as an 
intermediate in organic synthesis and in resins and plasticizers 
{ Jid ajkan-ik 'asad] 

Itatartarlc acid [org chem] C 3 H a 0 6 A compound pro- 
duced experimentally by fermentation; formed as a minor prod- 
uct, 5.8% of total acidity produced, of an itaconic -acid producing 
strain of Aspergillus niger [ ]id-a;tiirdarik "as-ad" } 
IT calorie See calorie. { fr'te ( kal*are ) 
itch [physio] Ah irritating cutaneous sensation allied to 
pain. { ich J 

Item [comput sci] A set of adjacent digits; bits, or characters 
which is treated as a unit and conveys a single unit of informa- 
tion. ( Td-am } 

Item advance [comput sci] A technique of efficiently 
grouping records to optimize the overlap of read, write, and 
compute times. { 'Id* am ad ( vans J 

Item design [comput sci] The specification of what fields 
make up an item, the order in which the fields are to be recorded, 
and the number of characters to be allocated to each field. 
[ Td'am di,zln ] 

Item size [comput sci] The length of an item expressed in 
characters, words, or blocks. ( Id-am ,slz J 

iterated integral [math] An integral over an area or volume 
designated to be performed by successive integrals over line 
segments. { 'Td*a,rad*ad 'im-a-grai } 

Iteration See iterative method. ( .Td-a'ra-shsn 1 

iteration process [comput sci] The process of repeating a 
sequence of instructions with minor modifications between 
successive repetitions. ( .Tda'ra-shan .prilsas ) 

Iterations per second [comput sci] In computers, the 
number of approximations per second in iterative division; the 
number of times an operational cycle can be repeated in 1 
second. { Jda'ra-shanz par 'sekand } 

Iterative array [comput sci] In a computer, an array of a 
large number of interconnected identical processing modules, 
used with appropriate driver and control circuits to permit a 
large number of simultaneous parallel operations. { 'Id-a.rad* 
iv a'rfl ) 

Iterative division [comput sci] In computers, a method of 
dividing by use of the operations of addition, subtraction, and 
multiplication; a quotient of specified precision is obtained by 
a series of successively better approximations. { Tda.rad-iv 
di'vizhan } 

iterative filter [electr] Four-terminal filter that provides 
iterative impedance. ( Tda.radiv 'fil-tar 1 

iterative Impedance [electr] Impedance that, when con- 
nected to one pair of terminals of a four-terminal transducer, 
will cause the same impedance to appear between the other 
two terminals. { 'Td*a,rad-iv im'ped-ans ) 

Iterative method [math] Any process of successive approx- 
imation used in such problems as numerical solution of alge- 
braic equations, differential equations, or the interpolation of 
the values of a function. Also known as iteration. { 'Id- 
a,rSd-iv 'meth-ad } 

Iterative process [math] A process for calculating a 
desired result by means of a repeated cycle of operations, which 
comes closer and closer to the desired result; for example, the 
arithmetical square root of N may be approximated by an itera- 
tive process using additions, subtractions, and divisions only. 
{ Td a ( rad iv 'pra*sas 1 
Iterative routine [comput sci] A computer program that 
obtains a result by carrying out a series of operations repeti- 
tiously until some specified condition is met. { 'Tda.radiv 
rU'ten ) 

Iteroparlty [biol] Reproduction that occurs repeatedly over 
the life of the individual. ( .Td-a-ra'parad-e ) 

Iteroparous [zoo] Capable of breeding or reproducing mul- 
tiple times. { .Td-ara'par-as ] 

tthomilnae [inv zoo] The glossy-wings, a subfamily of 
weak-flying lepidopteran insects having on the wings broad, 
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r-N=OS, where R may be an alkyl or aryl group; an exam- 
ple is mustard oil. Also known as sulfocarbimide. ( 
sa.thT-o'sT-a.nat ) 

isotimic [meteorol] Pertaining to a quantity which has 

equal value in space at a particular time. { [T-sa.tim-ik } 
Isotimic line [meteorol] On a given reference surface in 

space a line connecting points of equal value of some quantity; 

most of the lines drawn in the analysis of synoptic charts are 

isotimic lines. { |lsalum-ik 'lln } 

Isotimic surface [meteorol] A surface in space on which 
the value of a given quantity is everywhere equal; isotimic 
surfaces are the common reference surfaces for synoptic charts, 
principally constant-pressure surfaces and constant-height sur- 
faces. ( tl-saltim-ik 'sarfas ) 

isotone [nuc phys] One of several nuclides having the same 
number of neutrons in their nuclei but differing in the number 
of protons. [ 'T-sa,t6n } 

isotonic [physio] 1. Having uniform tension, as the fibers 
of a contracted muscle. 2. Of a solution, having the same 
osmotic pressure as the fluid phase of a cell or tissue. ( [I- 
saltanik] 

Isotonic sodium chloride solution See normal saline. { Ji- 
saltan -ik Jsodeam 'klor.Td sa.Iu-shan ] 
Isotope [nuc phys] One of two or more atoms having the 
same atomic number but different mass number. { 'I-sa.tOp ] 
Isotope abundance [nuc phys] The ratio of the number of 
atoms of a particular isotope in a sample of an element to the 
number of atoms of a specified isotope, or to the total number 
of atoms of the element. ( 'Isa.tOp a|bandans } 
Isotope dilution [nucleo] The introduction of a radioiso- 
tope into stable isotopes of an element in order to make volume, 
mass, and age measurements of the element. I Tsa.top 
da.lttshan) . . 

Isotope-dilution analysis [analy chem) Variation on 
paper^hromatography analysis; a labeled radioisotope of the 
same type as the one being quantitated is added to the solution, 
then quantitatively analyzed afterward via radioactivity meas- 
urement. { 'T-sa.tOp dalltt-shan a.nal-a-sas ] 
isotope effect [phys chem] The effect of difference of mass 
between isotopes of the same element on nonnuclear physical 
and chemical properties, such as the rate of reaction or position 
of equilibrium, of chemical reactions involving the isotopes. 
[SOLID state] Variation of the transition temperatures of the 
isotopes of a superconducting element in inverse proportion to 
the square root of the atomic mass. ( 'T-sa.tOp i.fekt ] 
Isotope exchange [nucleo] 1 . Exchange of places by two 
atoms, but different isotopes, of the same element in two differ- 
ent molecules, or in different locations of the same molecule. 
2. The transfer of isotopically tagged atoms from one chemical 
form or valence state to another, without net chemical reaction. 
{ 'T-sa,top iksjehanj ) .... 
Isotope-exchange reaction [chem] A chemical reaction tn 
which interchange of the atoms of a given element between 
two or more chemical forms of the element occurs, the atoms 
in one form being isotopically labeled so as to distinguish them 
from atoms in the other form. [ 'Tsa.tOp iks[chanj rt.ak- 

shan } , , , 

Isotope farm [bot] A carbon-14 ( 14 C) growth chamber, or 
greenhouse, arranged as a closed system in which plants can 
be grown in an atmosphere of carbon dioxide (C0 2 ) containing 
,4 C and thus become labeled with U C; isotope farms also can 
be used with other materials, such as heavy water (D 3 0), phos- 
phprus-35 (^P), and so forth, to produce biochemically labeled 
compounds. ( 'T'sa.tOp .farm } 

isotope fractionation [nucleo] Natural or artificial alter- 
ation of the isotopic composition of an element via processes of 
diffusion, evaporation, and chemical exchange, utilizing small 
differences in physical and chemical properties of isotopes. 
[ 'Tsa.top .frak-shajna-shan } 

Isotope lamp [electr] A discharge lamp containing gas of 
a single isotope and thus producing highly monochromatic 
light. { 'T'sa.top .lamp ) 

Isotope separation [nucleo] The physical separation of 
different stable isotopes of an element from one another. { 'I* 
sa.top .sep-ajra-shan ) 

Isotope shift [spect] A displacement in the spectral lines 
due to the different isotopes of an element. { *T-sa,top .shift } 

Isotopic age determination See radiometric dating. { Jl- 
sajtap-ik 'aj di.tarma.na-shan ) 



isotropic plasma 



Isotopic carrier [chem] A carrier that differs from the trace 
it is carrying only in isotopic composition. ( jT-saJtiip-ik 'kar- 
ear } 

Isotopic chronometer [nucleo] A method of determining 
the age of geological archeological, or other samples by mea- 
suring the amount of a particular radioisotope and of its daugh- 
ter isotope in a sample. { jT-saJtap-ik kra'namadar } 
Isotopic element [nuc phys] An element which has more 
than one naturally occurring isotope. ( Il-saliap-ik 'el -a- 
mant ) 

Isotopic enrichment [nucleo] The process by which the 
relative abundances of the isotopes of a given element are 
altered in a batch, thus producing a form of the element enriched 
in a particular isotope. ( ^sajtap ik in'richmant ] 
Isotopic exchange [phys chem] A process in which two 
atoms belonging to different isotopes of the same element 
exchange valency states or locations in the same molecule or 
different molecules. { Jl-sa'.tfip-ik iks'chanj ) 
isotopic Incoherence [phys] Incoherence in the scattering 
of neutrons from a crystal lattice due to differences in scattering 
lengths of different isotopes of the same element. { ^ sajtap- 
ik jn-ko'hirans } 

Isotopic Indicator See isotopic tracer. { '.I-saltapik 'in- 
da.kad ar ) 

Isotopic Irradiation [nucleo] The subjection of a material 
to radiation from radioactive isotopes for therapeutic or other 
purposes. ( tlsajtapik i.rad-S'a-shan } 
Isotopic label See isotopic tracer. ( Jl-sajtap-ik 'la-bal } 
Isotopic molecule [nucleo] A molecule in which the 
nucleus of one of the atoms is a special isotope. ( Il-saltap- 
ik 'mal-a.kyUl } 

Isotopic number See neutron excess. { Jrsajtftp-ik 'nam -bar } 
Isotopic parity See G parity. [ tr-saJtSp-ik 'par ad e } 
Isotopic spin [NUC phys] A quantum-mechanical variable, 
resembling the angular momentum vector in algebraic structure 
whose third component distinguished between members of 
groups of elementary particles, such as the nucleons, which 
apparently behave in the same way with respect to strong 
nuclear forces, but have different charges. Also known as 
isobaric spin; isospin; i-spin. { p'saitapik 'spin i 
Isotopic tracer [chem] An isotope of an ele.nent, either 
radioactive or stable, a small amount of which ma> be incorpo- 
rated into a sample material (the carrier) in order o follow the 
course of that element through a chemical, biological, or physi- 
cal process, and also follow the larger sample. Also known 
as isotopic indicator; isotopic label; label; tag. { Jlsajtapik 
'tra-sar} 

Isotron [nucleo] A device for sorting isotopes of an ele- 
ment in which ions are accelerated to a fixed energy in a strong 
electric field, and a radio-frequency field then selects ions 
according to their velocity, which is inversely proportional to 
the square root of their mass. [ 'Tsa.tran } 
Isotropic, [biol] Having a tendency for equal growth in all 
^directions, [cytol] An ovum lacking any predetermined 
axis f [phys] Having identical properties in all directions."! 

(jr-sM^n , -* 

Isotropic antenna See unipole. { [rsajtra-pik an'tena J 
Isotropic dielectric [elec] A dielectric whose polarization 
always has a direction that is parallel to the applied electric 
field, and a magnitude which does not depend on the direction 
of the electric field. [ ^sajtra pik .dla'lektrik } 
Isotropic fabric [petr] A random orientation in space of 
the elements that compose a rock. { |r-sa|tra*pik 'fab-rik ) 
Isotropic fluid [fl mech] A fluid whose properties are not 
dependent on the direction along which they are measured. 
{ li saltra-pik 'flu-ad J 

Isotropic flux [phys] Radiation, or a flow of particles or 
matter, which reaches a location from all directions with equal 
intensity. { ^saltra-pik 'flaks ) 

isotropic gain of an antenna See absolute gain of an antenna. 
{ Jl saltra pik 'gan av an an'ten a } 

Isotropic material [phys] A material whose properties are 
not dependent on the direction along which they are measured. 
( ,1-saJtra pik ma'tire-al ) 

Isotropic noise [electromag] Random noise radiation 
which reaches a location from all directions with equal intensity. 
( iTsaltra-pik 'n6iz ] 

isotropic plasma [pl phys] A plasma whose properties. 
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.. 09/839,254 (Hilliard) "Circular laser" FAX to Paul Ip / S.P.E. 



circular laser for sustaining lasing cavity modes with an optical radiation of 
ivelength, X, comprising: 

cavity structure means providing a surface of revolution, the surface thereby 

having a circular aspect; 

a reflective coating deposited on the surface of revolution, the coating 
providing a circular optical cavity, the optical cavity having a cavity interior 
with an interior index of refraction, the coating including at least one hundred 
thin film dielectric layers, the layers having alternating refractive indices, the 
alternating refractive indices at least as great as the interior index, the 
alternating refractive indices differing by less than 0.2, the coating providing 
greatest reflectance to the radiation at an angle-of-incidence, so that the 
coating is substantially reflecting to the radiation only at approximately the 
angle-ofrincidence, such that the radiation only contributes to the modes when 
the radiation is propagating at approximately the angle-of-incidence; 
an optical gain medium in the cavity interior, the medium disposed for 
emitting the radiation into the modes; and, 
optical pumping means for excitation of the gain medium. 
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Appl. Ser. No. 09/839,254 (Hilliard) "Circular laser" FAX to Paul Ip / S.P.E. page I of 1 

NEW CLAIM 

23. A circular laser for sustaining lasing cavity modes with an optical radiation of 
wavelength, X, comprising: 
5 a.) cavity structure means providing a surface of revolution, the surface thereby 

having a circular aspect; 
b.) a reflective coating deposited on the surface of revolution, the coating 

providing a circular optical cavity, the optical cavity having a cavity interior 
with an interior index of refraction, the coating including at least one hundred 
1 0 thin film dielectric layers, the layers having alternating refractive indices, the 

alternating refractive indices at least as great as the interior index, the 
alternating refractive indices differing by less than 0.2, the coating providing 
greatest reflectance to the radiation at an angle-of-incidence, so that the 
coating is substantially reflecting to the radiation only at approximately the 
1 5 angle-of-incidence, such that the radiation only contributes to the modes when 

the radiation is propagating at approximately the angle-of-incidence; 

c. ) an optical gain medium in the cavity interior, the medium disposed for 

emitting the radiation into the modes; and, 

d. ) optical pumping means for excitation of the gain medium. 
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Appl. Ser, No. 09/839,254 (Hilliard) "Circular laser" FAX to Paul Ip / S.P.E. / /GAU 2828 page 
(NEW CLAIM) 




23. A circular laser for sustaining lasing cavity modes with an optical radiation of 
wavelength, X, comprising: 

a. ) cavity structure means providing a surface of revolution, the surface thereby 

having a circular aspect; 

b. ) a reflective coating deposited on the surface of revolution, the coating 

providing a circular optical cavity, the optical cavity having a cavity interior 
with an interior index of refraction, the coating including at least one hundred 
thin film dielectric layers, the layers having alternating refractive indices, the 
alternating refractive indices at least as great as the interior index, the 
alternating refractive indices differing by less than 0.2, the coating providing 
greatest reflectance to the radiation at an angle-of-incidence, so that the 
coating is substantially reflecting to the radiation only at approximately the 
angle-of-incidence, such that the radiation only contributes to the modes when 
the radiation is propagating at approximately the angle-of-incidence; 

c. ) an optical gain medium in the cavity interior, the medium disposed for 

emitting the radiation into the modes; and, 

d. ) optical pumping means for excitation of the gain medium. 



TAX RECEIVED 



FEB % 1 2003 
TECHNOLOGY CENTER 2800 



25 



02/21,03 FRI 12:43 FAX 520 799 7501 



SI ON POWER 



@001 




Donald Hilliard, Ph D 
3050 North Fontana 
Tucson, Arizona 85705 



FAX TRANSMITTAL 



DATE: 




to: 


Paul Ip, S.P.E., 
Technology 
Center 2800 


from: 


Donald Hilliard 

App't Pro Se, 09/839,254 


fax: 


(703) 308-7722 


fax: 


(520) 628-7131 


TEL: 


(703) 308-3098 


TEL: 


(520) 977-6423 


cc: 




pages: 


cover + 1 



COMMENTS: 

Sir, 



FAX RECEIVED 

FEB 2 1 2003 
TECHNOLOGY CENTER 2800 



This fax contains one sheet containing a new independent claim, concerning 
application # 09/839,254, for your consideration. This claim is intended for 
replacement of claim 1 of the application, which will be cancelled in the proposed 
amendment. Thank you for your help in this matter. 



Very respectfully, 

Don Hilliard 
Applicant Pro Se 



